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H
a scalar couplings, residual dipolar couplings,
and 1H-15N NOEs, we have optimized and validated the conformational ensembles of the amyloid-b 1–40 (Ab40) and amyloid-b
1–42 (Ab42) peptides generated by molecular dynamics simulations. We find that both peptides have a diverse set of secondary
structure elements including turns, helices, and antiparallel and parallel b-strands. The most significant difference in the struc-
tural ensembles of the two peptides is the type of b-hairpins and b-strands they populate. We find that Ab42 forms a major anti-
parallel b-hairpin involving the central hydrophobic cluster residues (16–21) with residues 29–36, compatible with known amyloid
fibril forming regions, whereas Ab40 forms an alternative but less populated antiparallel b-hairpin between the central hydropho-
bic cluster and residues 9–13, that sometimes forms a b-sheet by association with residues 35–37. Furthermore, we show that
the two additional C-terminal residues of Ab42, in particular Ile-41, directly control the differences in the b-strand content found
between the Ab40 and Ab42 structural ensembles. Integrating the experimental and theoretical evidence accumulated over the
last decade, it is now possible to present monomeric structural ensembles of Ab40 and Ab42 consistent with available informa-
tion that produce a plausible molecular basis for why Ab42 exhibits greater fibrillization rates than Ab40.INTRODUCTIONAlzheimer’s disease is characterized by insoluble fibrils and
plaques in the extra-cellular space within the brain that are
largely composed of the two cleaved products of the amy-
loid precursor protein (1), amyloid-b 1–40 (Ab40) and
amyloid-b 1–42 (Ab42) (2,3). Although these two peptides
differ only in Ab42 having two additional hydrophobic res-
idues at its C-terminus, Ile-41 and Ala-42, Ab42 has been
shown to be more significant in disease development.
Ab42 is more prevalent in the insoluble aggregates and
causes more extensive damage to neuronal cell cultures
than Ab40 (4–9), and Ab42 aggregates and fibrillizes
much more quickly in vitro than Ab40 (10,11). This demon-
strates that the addition of these two C-terminal residues has
a significant effect on the physiological and biophysical
behavior of the two peptides.
Monomeric forms of Ab40 and Ab42 have been classified
as intrinsically disordered peptides (IDPs), meaning that
they populate a diverse set of conformational states as
opposed to a single dominant folded conformation (12–13,
25). However, when part of the ordered fibril state, both pep-
tides adopt highly similar morphologies, with b-strands
running orthogonal to the fibril axis, which organize further
into intermolecular b-sheets that can extend to microns in
length (15–20). Because Ab40 and Ab42 adopt similar
structures when part of the fibril, differences in the mono-
meric conformational ensembles could provide a starting
point for understanding the greater predisposition of
the Ab42 peptide for faster fibrillization, aberrant
oligomerization, or disease outcomes compared to Ab40.Submitted January 19, 2013, and accepted for publication April 26, 2013.
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0006-3495/13/06/2714/11 $2.00In particular, does the addition of the two hydrophobic
residues Ile-41 and Ala-42 produce any changes in the
monomeric conformational ensemble for Ab42 with respect
to Ab40?
We have collected 1H NOESY spectra for the Ab40 and
Ab42 monomers that in fact show differences in their
structural ensembles, which are not evident from previous
circular dichroism (CD) spectra or NMR chemical shift
and J-coupling experiments (12,21–23). Although the
NOESY data yield important differences in residue con-
tacts observed for Ab40 vs. Ab42, these NMR experi-
ments can only provide an ensemble-averaged picture of
the tertiary contacts that occur, and not in what combina-
tions they are present in specific, significantly populated
conformers. As we have shown previously in our compar-
ison study of Ab21–30 (24) and Ab42 (25), and more
recently in a review of different computational approaches
for generating IDP conformational ensembles (K.A. Ball,
D.E. Wemmer, T. Head-Gordon, unpublished), de novo
molecular dynamics (MD) simulations provide one of
the best approaches for most reliably characterizing the
structural ensembles sampled by Ab42 and Ab40 as
monomers.
We find that the MD simulation data, further refined with
the ENSEMBLE method (26–29) and validated against a
range of experimental NMR data including 1H NOEs,
show that both peptides have a diverse set of secondary
structure elements including turns, helices, and parallel
and antiparallel b-strands in ~99% of the ensemble con-
formers. However, the most significant difference in the
structural ensembles of the two peptides is the type
of b-structures they populate. We find that Ab42 forms
a major antiparallel b-hairpin involving the centralhttp://dx.doi.org/10.1016/j.bpj.2013.04.056
b-strand Populations of Ab40 and Ab42 2715hydrophobic cluster (CHC) residues 16–21 and residues 29–
36, typically forming with a turn at residues 26–27, which is
rarely present in the Ab40 ensemble (25). This dominant
subpopulation is consistent with the b-strands and b-turn
that form an intermolecular b-sheet steric zipper (30,31)
in models of the Ab40 and Ab42 fibril structures based on
solid-state NMR (15,16). Instead, Ab40 forms an alternative
but less populated antiparallel b-hairpin between the CHC
and residues 9–13, that sometimes forms a b-sheet when
the CHC associates with a third b-strand comprising resi-
dues 35–37.
We find that the two additional C-terminal hydrophobic
residues of Ab42 sharply increases the hydrophobic clus-
tering between residues 39–40 and 31–36 for Ab42
compared to Ab40, and when Ile-41 is included the num-
ber of structures with hydrophobic contacts with 31–36, it
increases to a decisive majority of the Ab42 ensemble.
This hydrophobic clustering is directly responsible for
the differences in the populations of secondary structure,
and b-strand content in particular, of the two amyloid pep-
tides. When our new experimental NOEs and simulated
ensemble results are placed in the context of experimental
and theoretical evidence accumulated over the last decade
(21,22,32–40), we believe that a good consensus has been
reached on the monomeric structural ensembles of amy-
loid-b and the differences that exist between Ab40 and
Ab42. On the basis of this consensus, the underlying struc-
tural differences between the two Ab monomeric ensem-
bles are in themselves sufficient to provide clear and
testable hypotheses for why the nucleation step for fibril-
lization may be more difficult for Ab40 compared to
Ab42.METHODS
NMR experiments
The Ab40 and Ab42 monomers were purchased and prepared according to
the protocol in (25). A more detailed description is provided in the Support-
ingMaterial. In this work, we also corrected the experimental 3JH
N
H
a values
by Yan et al. (23). using an analytical solution to the method described by
Vuister and Bax (41), also described in the Supporting Material. This
correction accounts for the effect of selective T1 relaxation so that the
resulting J-coupling constants are comparable to those measured more
accurately from COSY splittings.MD simulations
We computed equilibrium ensembles of Ab40 and Ab42 peptide conforma-
tions at 287 and 311 K using multi-reservoir replica exchange (MRRE) (42)
and AMBER 11 (43). The peptides were modeled with the Amber ff99SB
force field (44,45) and solvated with TIP4P-Ew water (46), which is
currently the best force field combination for reproducing NMR observ-
ables of flexible peptides (47) and 1H-1H NOE data (24,25). Two indepen-
dent MRRE simulations for each peptide generated final ensembles of
70,000–90,000 structures pulled from 0.1 ms of replica exchange simulation
time at each temperature. We also performed 100 separate 20 ns microca-nonical ensemble simulations for each peptide to calculate time-correlation
data. Further details are presented in the Supporting Material.ENSEMBLE refinements
We also considered the ENSEMBLE software package (26–29), which
selects from a large starting pool or basis set of structures a subset of
conformations that best conform to various NMR experimental data sup-
plied to it. We performed an ENSEMBLE optimization using the de novo
MD ensemble as the starting soup of structures, and we supplied chemical
shifts, J-coupling constants, and residual dipolar couplings (RDCs) for both
Ab40 and Ab42. We used default values of the ENSEMBLE program for
the experimental observable target energies and selected ensembles of
100 structures from the soup to best match the NMR data, combining the
20 best ensembles for a total of 2,000 structures in the final MD-ENS
ensembles. Further details are given in the Supporting Material.Calculation of NMR observables
We back-calculated chemical shifts, J-coupling constants, RDCs based on
local (27) and global alignments (48), and 1H-1H NOEs from our 287 K
Ab40 and Ab42 refined ensembles with the same procedure used for
Ab42 (25). All details of how the procedure differed in the case of Ab40,
as well as a correction to a typographical error in the NOE relaxation matrix
equation are available in the Supporting Material. Finally, we calculated
1H-15N NOEs for the Ab40 and Ab42 backbone N-H atoms from the 287
K refined ensembles and MD correlation times. We used the same method
as for the 1H-1H NOEs (described in the Supporting Material) to calculate
the spectral density function for each pair of H-N atoms from the short NVE
simulations. We then calculated the steady-state NOE enhancement factor
of the 15N spin by the 1H NOE from our structural ensemble and dynamical
trajectories as described in the Supporting Material.RESULTS
Summary of experimental NMR data for Ab40 and
Ab42
We find that the hydrogen and carbon chemical shifts for
both Ab40 and Ab42 do not differ significantly from
random coil values (Fig. S1 in the Supporting Material),
and based on analysis of chemical shifts using webserver
http://www-vendruscolo.ch.cam.ac.uk/d2D/ (49,50), both
peptides have significant b-strand content if backbone
nitrogen chemical shifts are considered (51). However, if
nitrogen chemical shifts (which have larger experimental
uncertainty compared to hydrogen and carbon chemical
shifts) are not included in the webserver calculation, the
absolute probabilities of b-strand structure were then found
to be very low for both peptides.
J-coupling values also provide no strong evidence of
structural differences between the Ab peptides (Fig. S2),
i.e., there are no secondary structure blocks at different
points in the peptide sequence that would be consistent
with a dominant population of a-helical or b-strand sec-
ondary structure (as in a folded protein) that is different
between the two peptides. However, the scalar couplings
for both peptides are shifted upward from random coil to
yield values mostly between 6.0 and 8.5 Hz, consistentBiophysical Journal 104(12) 2714–2724
TABLE 2 Summary of remaining experimental NOEs
determined for Ab40 and Ab42
Ab40 Ab42
Total NOE peaks 1108 707
Intraresidue and sequential 828 537
i to iþ 2 142 68
i to iþ 3 58 36
i to iþ 4 40 20
i to iþ 5 11 (2) 13 (8)
i to iþ 6 7 (3) 4 (1)
i to iþ 7 10 (8) 9 (6)
i to iþ 8 2 (2) 3 (0)
i to iþ 9 2 (0) 6 (1)
i to iþ 10 1 (0)
i to iþ 11 2 (2)
2716 Ball et al.with an extended random coil ensemble or the presence of
b-strand structure, and there are certainly quantitative differ-
ences in the scalar couplings between the peptides.
Although these highly averaged data may imply that the
two peptides do not have substantially different structural
ensembles, 1H-15N, and 1H NOE data do provide more in-
formation about important structural differences between
the conformational ensembles of IDPs Ab40 and Ab42.
Experimental RDCs (Fig. S3 and Fig. S4) are also diffi-
cult to interpret structurally because the timescale of inter-
conversion between IDP conformational states may be on
the same order as the timescale of the protein realignment
in the anisotropic medium. However, RDCs for Ab40 and
Ab42 vary along the peptide sequences and show differ-
ences between the two peptides. Thus, these RDC data
contain information about Ab40 and Ab42 structural differ-
ences, which can help to determine the correct ensembles.
Our high field 1H NOE data identifies 707 crosspeaks for
Ab42 and 1108 crosspeaks for the Ab40 peptide, but only
382 and 196 of these crosspeaks, respectively, can be
uniquely assigned from experimental information alone.
This is because the NOESY spectra are crowded, different
1H atoms have the same chemical shift, and many NOE
peaks have multiple possible assignments (Fig. S5). In
the case of a strong NOE where only one of the possible
assignments is a short-range interaction, we can confidently
assign the peak. Most of the assigned crosspeaks are
intraresidue or sequential peaks, and 147 of them are a
result of the same 1H-1H contacts occurring in the Ab40
and Ab42 ensembles. However, Table 1 shows that 235
of the crosspeaks are unique to Ab40 and 49 are uniquely
present for Ab42. Therefore, the NOEs that can be assigned
from experimental information alone already indicate that
the structural ensembles are different between the two
peptides.
We cannot assign the longer range NOE peaks uniquely to
one 1H-1H contact because all possible assignments are long
range and therefore it is unclear which is correct. However,
we can see that the Ab40 and Ab42 spectra are different
(Fig. S5) and many of the longer range NOEs present in
the Ab40 ensemble are not present for Ab42 and vice versa.
For example, if we look at NOE peaks that because of the
chemical shifts (which restrict residue types involved)TABLE 1 Summary of experimentally assignable NOEs
determined for Ab40 and Ab42
Ab40 Ab42 Both peptides
Total assigned NOE peaks 382 196 147
Intraresidue and sequential 362 185 142
i to iþ 2 20 9 5
i to iþ 3 1
i to iþ 4 1
Only ~25% of peaks for each peptide are assignable from experiment alone,
and the third column indicates the assigned peaks that are present in both
the Ab40 and Ab42 spectra.
Biophysical Journal 104(12) 2714–2724cannot be a result of any contact between residues closer
than i to iþ5, we see that 19 out of 40 of the Ab40 NOEs
are not present in the Ab42 spectrum and 28 out of 46 of
the Ab42 NOEs are not present in the Ab40 spectrum
(Table 2). This indicates that there are several long-range
NOEs for each peptide that are unique to its structural
ensemble, and therefore the two amyloid peptide ensembles
have distinct structural features. Further details on the
1H NOEs are presented in Table S1 and Table S2. For further
interpretation a computational model is needed that is
validated by the available NMR data and yet expands
upon the molecular structure information that would explain
the NOE differences found between the two peptides.Experimental validation of theoretically derived
structural ensembles for Ab40 and Ab42
In a recent review we considered the effectiveness of de
novo MD for generating IDP structural ensembles for
Ab40 and Ab42 (K.A. Ball, D.E. Wemmer, T. Head-
Gordon, unpublished), as compared to random coil or statis-
tically biased secondary structure ensembles, or selecting a
subset of structures from the random or statistical ensembles
that give a best fit to experimental NMR data, such as devel-
oped in the ENSEMBLE (26–29) and ASTEROIDS (52–54)
approaches. The performance of a given computational
method was judged by the ability of a given model to repro-
duce chemical shifts, J-couplings, and RDCs based on local
(L-RDC) and global alignments, and experimentallyi to iþ 12 1 (0) 3 (0)
i to iþ 13 2 (2)
i to iþ 14 2 (1) 3 (1)
i to iþ 20 1 (1) 2 (1)
i to iþ 21 1 (0)
i to iþ 24 1 (0)
For the remaining ~75% peaks that cannot be assigned, peak intensities may
be composed of a single pair contact of which several pair contacts are
possible assignments, or may be composed of multiple, fractional contact
pairs. In either case we provide the experimental lower bound, n, for i to
iþn contacts for the unassigned peaks for each peptide. The value in paren-
theses indicates the number of these peaks that are present in the other
peptide spectra as well. This value is given only for contacts from i to
iþ5 or greater.
b-strand Populations of Ab40 and Ab42 2717assignable 1H-1H NOEs, as averages over the entirety of
their conformational ensembles.
We showed that ensembles of structures based on random
coil or statistical conformational distributions perform
poorly, and there were no subset of structures from these
ensembles that could substantially optimize their agreement
with the NMR data for Ab40 and Ab42. Instead, ensembles
incorporating structural members from the de novo MD
calculations that contain significant amounts of cooperative
secondary structure content gave much better agreement
with all NMR data. Table 3 summarizes the quality of the
de novo MD ensemble compared to an additional step of
refining the de novo MD ensemble using knowledge from
NMR experiments conducted on the Ab40 and Ab42 pep-
tides using the ENSEMBLE software package, MD-ENS.
We note that the MD and MD-ENS ensembles reproduce
the chemical shift data equally well, although the c2 statistic
is lower for the MD-ENS calculation. It is evident from
Table 3 that although the MD-ENS structural ensemble is
better optimized against scalar couplings and L-RDCs by
construction, RDCs based on global alignments are some-
what improved (Fig. S3) but not to the same extent as
L-RDCs (Fig. S4). NOEs based on experimental assignment
are predicted equally well by MD-ENS, but only when the
correlation times from the de novo MD simulations are
used.TABLE 3 Comparison between de novo MD (MD) and
experimentally optimized MD (MD-ENS) structural ensembles
for Ab40 and Ab42
Average
property Ab40 MD Ab40 MD-ENS Ab42 MD Ab42 MD-ENS
Ha cd
2 0.58 0.30 0.54 0.33
HN cd
2 0.36 0.34 0.48 0.37
Ca cd
2 0.69 0.46 0.98 0.51
Cb cd
2 0.70 0.36 0.52 0.34
3JH
N
H
a 0.99 (1.82) 0.62 (0.72) 0.99 (1.83) 0.54 (0.56)
RDC (Hz) 2.22 1.69 2.25 2.13
L-RDC (Hz) 1.88 0.18 2.14 0.33
H2O NOEs
(assigned)
1.15 (0.74) 1.12 (0.74) 1.25 (0.67) 1.21 (0.68)
D2O NOEs
(assigned)
3.22 (0.55) 3.19 (0.55) 0.58 (0.80) 0.57 (0.80)
1H-15N NOEs 0.17 0.21
For chemical shifts we report c2 that measures agreement between the
computational ensembles and the experimentally measured chemical shifts
within SHIFTX (81) calculator error. We also provide the root mean-square
deviation (RMSD) between experiment and calculated ensembles for
3JH
N
H
a and (c2). RMSDs for RDCs are based on either global alignments
using PALES (48) or on L-RDCs evaluated with ENSEMBLE (27). For
NOEs we consider the simulated agreement with experiment for NOEs
that can be assigned from the spectrum alone. The RMSD is normalized
by the NOE intensity value for each peak to yield the N-RMSD and (corre-
lation coefficient, r) for the H2O and D2O experiments. In this work, we
have used the decay timescales of specific proton pairs from the de novo
MD simulation to inform the calculation of the MD-ENS NOEs. Finally,
we provide the RMSD between experiment and de novo MD for the
heteronuclear NOEs; these are a purely dynamical phenomena and hence
can only be derived from the MD simulation.We found that the Ab40 de novo MD ensemble is more
extensively optimized using the ENSEMBLE method
compared to the Ab42 peptide. For Ab40 nearly half the
residues across the sequence exhibit a decrease in the
percentage of the ensemble where they are involved in
b-strand structure. By contrast for Ab42 there are few
changes in the qualitative features of the ensemble and the
ENSEMBLE optimization amplifies the primary b-hairpin
that is discussed in more detail below. It is difficult to
draw a direct connection between the change in the observ-
able value and difference in the structures present. However,
Table S5 gives more detailed changes observed in the calcu-
lated MD versus MD-ENS for each peptide.
Overall, the quantitative agreement between experiment
and back-calculations with structures from MD-ENS for
chemical shifts (Fig. S1), scalar couplings (Fig. S2), and
L-RDCs evaluated with ENSEMBLE (27), (Fig. S4), and
the 1H-15N and assignable 1H-1H NOEs are very good (Ta-
ble 3), although the Ab40 2H2O spectrum agreement is not
as good as the other 1H-1H NOEs. Furthermore, given the de
novo or MD-ENS ensemble of 1H-1H contacts, and using
the corresponding timescales given by de novo MD simula-
tions to calculate NOEs with the MD-ENS, we can also pre-
dict the assignments of the unknown experimental
crosspeaks (Table S1 and Table S2). We also provide the
experimentally assignable crosspeaks not due to intraresi-
due or sequential contacts and agreement with MD-ENS
(Table S3 and Table S4). We therefore choose to analyze
the MD-ENS structural populations for the Ab40 and
Ab42 peptides given its consistent high quality performance
against all available experimental NMR data.Structural ensembles of Ab40 and Ab42
Given the strong validation against a range of experimental
NMR data, we now use the MD-ENS structural ensembles
to determine what differences there are between the Ab40
and Ab42 IDPs. The MD-ENS structural ensembles of
Ab40 and Ab42 show stark differences between the two
peptides. Fig. 1 shows the propensities of each peptide
to form b-turns, helical structure, or intramolecular b-
bridges, b-hairpins, or b-sheets by residue, as averages
over their conformational ensembles. As we found for
Ab42 (25), Ab40 is a highly heterogeneous tertiary
ensemble, which samples conformations reflecting all
possible secondary structure categories and is composed
of a range of collapsed structured states to highly extended
conformations. Although Ab40 samples some conforma-
tions very similar to ones seen in the Ab42 ensemble,
such as a highly populated turn centered at residues 7–8
or a helix near Ser-26, the two peptides have substantially
different secondary structure profiles overall. The simu-
lated structural ensembles show that most of the long-
range NOEs produced by each peptide are a result of
hydrogen-bonded b-structure, however, different b-strandBiophysical Journal 104(12) 2714–2724
ab
FIGURE 1 Percentage of (a) Ab40 and (b) Ab42 simulated ensemble in
different types of secondary structure by residue. The dashed red line
represents a-helix, the solid blue line for b-bridges or b-strands, and the
dotted black line for b-turns.
a
b
FIGURE 2 Contact map of the simulated ensembles of (a) Ab40 and (b)
Ab42. This contact map gives the frequency of interaction between each
pair of residues in the peptide MD-ENS simulated ensembles. White indi-
cates contacts present in 100% of the ensemble and black indicates contacts
never seen in the ensemble. We define two residues to be in contact if any of
their heavy atoms are within 5 A˚ of each other.
2718 Ball et al.associations are formed in the Ab40 ensemble than in the
Ab42 ensemble.
Fig. 2 is a contact map from the MD-ENS simulated
ensemble for each peptide (the corresponding de novo
MD simulated contact map is given in Fig. S6). The long-
range contacts are clearly different in the Ab40 and Ab42
ensembles, and many of these long-range contacts are due
to b-strand formation. Clearly visible in the Ab42 contact
map are two b-hairpin subpopulations between the CHC
residues 16–21 and 29–36 in ~34% of the ensemble
(Fig. 3, a and b); one is defined by b-strand pairing of resi-
dues 16–17 with 35–36 (~16%) and the other by b-strand
pairing of residues 17–21 with 29–34 (~18%). Furthermore,
residues 26–27 form a b-turn in ~22% of the population,
half of which also occurs with the dominant antiparallel
b-hairpin, consistent with the same 26–27 b-turn and the
16–21 and 29–36 b-strands that ultimately adopt the inter-
molecular arrangement of the stable mature fibril state
(17). This feature is also consistent with a number of MD
simulations that highlight the importance of residues 23–
28 for nucleating monomer folding (55) and supported by
detailed structural characterization of the amyloid-b frag-
ments Ab21–30 (24,25,56,57) and Ab10–35 (58,59), as
well as the importance of residues 16–22 that promote b-
sheet structure as discussed in (60,61).
In contrast, Ab40 forms an alternative, less populated
antiparallel b-hairpin between the CHC and residues 9–13Biophysical Journal 104(12) 2714–2724(Fig. 4 a) in ~10% of its ensemble, that sometimes includes
CHC association with a third b-strand comprising residues
35–37 to define a b-sheet (Fig. 4 b). We note that Val-18,
at the center of the CHC, is in the middle of this Ab40
b-hairpin and b-sheet. In fact, previous work by Yan and
co-workers (37) examined side-chain methyl groups,
showing that Val-18 is more ordered in Ab40 compared to
Ab42. Our simulations provide an explanation for this
experimental observation because we find that Val-18
participates in more b-bridge or strand contacts within the
Ab40 ensemble (~14%) than in the Ab42 ensemble
(~3%). In the Ab42 ensemble Val-18 is found near the
ends of the two b-strands involving the CHC and is less
ordered as a result, due to fraying.
However, each peptide exhibits small additional subpop-
ulations of antiparallel and parallel b-strand associations,
although most are defined by two hydrogen bonds only
(i.e., a b-bridge). Fig. 5, a–c, provides three additional pop-
ulations of b-strand structure for the Ab42 ensemble that are
worth mentioning. The first is an increased amount of anti-
parallel b-strand association between residues 3–6 and
10–13, which comprises ~10% of the Ab42 ensemble,
although we emphasize that 7% of the Ab42 conformers
are only stabilized by a single b-bridge. The second is a
parallel b-strand association between residues 21–23 and
FIGURE 3 The dominant 16–21 and 29–36 b-hairpin population for
Ab42. (a) Ab42 forms a b-turn at residues 26–27 with the 16–17 and
35–36 b-hairpin. The hydrophobic side chains of residues 39–41 (brown)
also fold back to contact the side chains of residues 34–35 (yellow). The
side chain of Gln-15 (pink) caps the end of the b-hairpin by contacting
residues 37–38. (b) Ab42 forms the 26–27 b-turn and 17–21 and 29–33
b-hairpin with a C-terminal hydrophobic side-chain interaction between
39–40 (brown) and 32–34 (yellow). Residues 12–13 (pink) also interact
with the C-terminus around residue 38. Turns (blue), Helix (red), b-strands
(green arrow).
FIGURE 5 Small subpopulations of Ab42 conformations containing
b-strands. (a) Ab42 forms a b-turn at residues 7–8 nucleating b-strand
pairing of residues 3–6 and 10–13, along with a helix from residue 14–17
and at 32–35. (b) Ab42 forms a parallel b-strand association between
residues 21–23 and 36–38 while the 39–40 side chains (brown) contact
Ile-32 (yellow). (c) A C-terminal b-hairpin formed by residues 34–36 and
39–40. Turns (blue), Helix (red), b-strands (green arrow).
b-strand Populations of Ab40 and Ab42 271936–38 in ~8% of the ensemble, half the time exhibiting only
one b-bridge. Finally, there is an antiparallel b-hairpin
formed by residues 34–36 and 39–40 in 6% of the ensemble
that is negligibly populated in the Ab40 ensemble. This lastFIGURE 4 The dominant b-hairpin and b-sheet population for Ab40. (a)
Ab40 forms the 9–13 and 16–21 b-hairpin. (b) The hairpin interaction
between 17–20 and 35–37 occurs simultaneously to form a b-sheet with
3 strands. b-strands (green arrow).b-hairpin is consistent with that found in previous MD
studies on Ab42 (47,62,63), but it is not significantly popu-
lated and actually is subsumed into a larger subpopulation
involving hydrophobic clustering in the C-terminus that is
a direct result of Ile-41 and Ala-42.The role of Ile-41 and Ala-42
Based on characterization of our simulated ensembles, we
have found that the very different populations of b-strand
structure for Ab40 and Ab42 are consequences of the two
additional hydrophobic residues in Ab42, Ile-41 and
Ala-42, which can form interresidue contacts not available
to Ab40. These two residues do not form hydrogen bonds
in a significant portion of the ensemble, but they are able
to form hydrophobic interactions. We observe increased
hydrophobic clustering between residues 39–41 and 31–36
for Ab42, and this C-terminus clustering occurs frequently
with contacts between residues 37–38 and residues 12–16.
These interactions are visible in the contact map
(Fig. 2 b). These, intramolecular contacts in the Ab42
ensemble isolate the CHC from the N-terminus and the C-
terminus to preclude b-hairpin formation with either the
9–13 or 35–37 b-strands observed in the Ab40 ensemble.
Instead the CHC of Ab42 is most frequently encased in a
loop defined by residues 15–38 or 16–36, which promote
the 26–27 b-turn and/or b-hairpin that are compatible with
known amyloid fibril forming regions. Furthermore, theBiophysical Journal 104(12) 2714–2724
2720 Ball et al.more isolated N-terminus of the Ab42 ensemble forms some
type of b-bridge or b-strand association between residues 3–
6 and 10–13 in ~10% of the ensemble, whereas Ab40 forms
it in only 3% of its ensemble. Parallel b-strand association
between residues 21–23 and 36–38 also always occurs
with the hydrophobic contacts between 39–41 and 31–36,
which is why it never occurs in the Ab40 ensemble.
Our simulated ensembles are also consistent with the
slower relaxation rates and increased 1H-15N NOE
intensities seen experimentally that indicate that the Ab42
backbone is more ordered at the C-terminus than Ab40
(36,38). However, it is not known experimentally if order
in the C-terminus arises from a populated helix or b-strand
or instead from hydrophobic clustering often observed in
disordered or unfolded states of proteins (64,65). In Fig. 6
we provide a comparison of the simulated 1H-15NNOE inten-
sities for Ab42 and Ab40, which are in excellent agreement
with the experimentally measured values by Yan and Wang
(37) (Table 3). We find there is an increase in 1H-15N NOE
intensities calculated from simulation for residues 35–40
for Ab42 compared to Ab40 (the same seen experimentally),
indicating that the longer peptide ismore ordered at theC-ter-
minus. We attribute this to the many hydrophobic interac-
tions involving the Val-40 side chain with residues 31–36
that make up 45% of the Ab42 ensemble compared to 13%
of theAb40 ensemble, andwhen Ile-41 is included the hydro-
phobic clustering increases to close to 60%. Example Ab42
structures in which the dominant b-hairpin and 26–27 b-
turn form along with a C-terminal hydrophobic contact be-
tween 39–41 and 31–36 are shown in Fig. 3, a and b.
When we analyze the de novo MD Ab40 and Ab42
ensembles derived at 311 K, near physiological temperature,
we find that both peptides exhibit a decrease in population of
the major turns and helices at the increased temperature,
whereas Ab40’s most populated b-strands at 287 K melt
out to yield significantly reduced percentages at the higher
temperature. By contrast, the b-strands present in the
Ab42 ensemble are more stable and persist as the tempera-
ture increases, strengthened by the increase in hydrophobicFIGURE 6 Comparison of simulated Ab40 and Ab42 1H-15N NOEs. The
MD results show that the C-terminus is more ordered for Ab42 when
compared to Ab40.
Biophysical Journal 104(12) 2714–2724clustering of the C-terminal residues, which is expected to
become more prominent with increasing temperature. This
is consistent with the experimental finding from CD that
the Ab42 b-strand content is more stable than that of
Ab40 as the temperature of the sample is increased (22).DISCUSSION
For the past decade, Alzheimer’s researchers have been
interested in understanding why Ab42 is much more aggre-
gation prone than Ab40, despite their nearly identical
sequences. Because fibrillization of Ab has been shown to
follow a nucleation-dependent polymerization mechanism
(66), the kinetic data imply that the nucleation barrier is
smaller for Ab42 than for Ab40. We suggest that the under-
lying structural differences between the two Ab monomeric
ensembles identify three possible factors for why the nucle-
ation step is more difficult for Ab40 compared to Ab42.
The first is that to oligomerize or aggregate into a fibril-
forming conformation containing intermolecular b-sheets
at CHC residues 16–21 and 29–36, the Ab peptide must
overcome the free energy cost of breaking up any competing
b-strand alignments. We have found that the CHC region of
Ab40 forms a different set of b-strand pairings than Ab42.
The fact that in the de novo MD ensemble the alternative
b-strands for Ab40 are less populated at higher temperatures
means that the rate of fibrillization would increase with
temperature, consistent with what is seen in fibrillization
experiments (67,68). The second is the presence of the
two additional C-terminal residues Ile-41 and Ala-42 of
Ab42 that prevents the longer peptide from forming the
intramolecular b-sheet seen in the Ab40 ensemble.
Finally, the increased hydrophobic clustering at the Ab42
C-terminus isolates the CHC within a loop comprising
residues 15–38, placing it in register with the 29–36
b-strands to form an intramolecular b-hairpin. These same
b-strands are also aligned in the intermolecular b-sheets
exhibited in the insoluble fibrillar states.
Thus, although the data do not make a direct connection
between the Ab40 and Ab42 monomer conformational
ensemble data and oligomer and fibril energetics or forma-
tion kinetics, our data allows us to comment on other pro-
posed oligomerization pathways based on assumptions
about the monomeric starting point. Several previous
NMR studies have observed that the Ab42 C-terminal resi-
dues are less flexible than those of Ab40, leading some
groups to surmise that the C-terminus is preordered in a
b-sheet conformation similar to that occupied by fibrils
and oligomers, and this contributes to Ab42’s increased ag-
gregation propensity (22,36–39). Our data, however, indi-
cate that this reduced motility of the Ab42 C-terminus is a
result of an extensive network of hydrophobic contacts in
~60% of the ensemble rather than b-hairpin hydrogen bonds
involving residues 34–36 and 39–40, which occur in only
6% of the ensemble.
b-strand Populations of Ab40 and Ab42 2721Mutational studies have argued that extended con-
formations at residues 41 and 42 of Ab42 and a turn at res-
idues 38–39 are important for aggregation (32,34), leading
Irie et al. (35) to conclude that Ab42 forms an intramolec-
ular, antiparallel b-hairpin between residues 40–42 and
35–37 with turns at residues 33–34 and 38–39. Again,
our data contradict this picture in that we observe primar-
ily hydrophobic contacts between these regions in the
monomer ensemble, although we do find a small popula-
tion of b-hairpin in this region of the sequence. Other mu-
tation studies show that Ab42’s aggregation propensity is
related to the hydrophobicity of Ile-41 and Ala-42
(21,32,33), supporting our picture of a C-terminal hydro-
phobic cluster. We also observe that the C-terminal hydro-
phobic cluster contacts the central hydrophobic cluster at
residues 16–21, which often accompanies the formation
of the residue 26–27 b-turn, in a very similar conformation
to that seen by Maji and co-workers via photo-induced
cross-linking (40).CONCLUSIONS
Previous all-atom simulation studies (47,55,60,62,69–
76) and experimental CD and NMR spectroscopy
(12,21,23,38) have sought to characterize the differences
between the monomer ensembles of the Ab40 and Ab42
peptides. The CD studies indicated that both peptides should
be primarily classified as random coil (21,22), consistent
with the same classification that was derived from chemical
shift and J-coupling measurements (12,23,38). We showed
previously that a random-coil ensemble for Ab40 and
Ab42 does not agree well with the available experimental
NMR data (K.A. Ball, D.E. Wemmer, T. Head-Gordon,
unpublished). Even when we considered the assumption of
an ensemble that uses direct secondary structure prediction
algorithms for Ab40 and Ab42 (but with no cooperative
secondary structure), the resulting ensembles did not agree
with the experimental data. Further optimization using the
ENSEMBLE method to refine the random or statistical
ensembles of conformational subpopulations, an accepted
procedure for generating IDP structural ensembles (26–
29,77), showed no improvement.
Here, we have taken a different approach and used the de
novo MD results to provide a different basis set for selection
of conformational states using the ENSEMBLE method. In
this case the monomer ensembles of Ab40 and Ab42 have
heterogeneous structure, presenting a diverse set of a-helix,
b-turns, and b-strands. Based on the optimized MD-ENS
structural ensemble of Ab40 and Ab42, which show very
good agreement with the available NMR data, back-
calculations of chemical shifts were also found to be consis-
tent with random coils or ensembles with statistical or
predictive assignments of secondary structure.
We have demonstrated that homonuclear 1H-1H NOE
intensities and 15N-1H heteronuclear NOEs are morediscriminating with regard to the tertiary contacts that define
the important structural differences between the two Ab
peptides. J-coupling constants and RDCs provide additional
quantitative information about the differences between
Ab40 and Ab42 ensembles when combined with simulation
data. Our study is further distinguished by the productive
interplay of molecular simulation to first simulate the
NOE observables and thus validate the theory, which in
turn can be used to further refine and interpret the NMR
data for Ab42 and Ab40. It is important to emphasize
that developing a structural model of the Ab monomer
ensembles based on the experimental NOE data, which
are averaged by rapid exchange among conformers, would
not be possible without the MD simulations providing
details of individual structures.
Our data reveal how the addition of residues 41 and 42
drastically changes the conformational landscape of the
Ab42 peptide by increasing hydrophobic interactions within
the C-terminus that exclude the formation of intramolecular
b-hairpins formed frequently in the Ab40 ensemble. The
major b-hairpin populated in the Ab42 ensemble is a conse-
quence of the increased hydrophobic interactions in the C-
terminus, resulting in increased propensity for a b-turn at
residues 26–27 and increasing the proximity of b-strands
involving CHC residues 16–21 and 29–36, compatible
with a stable prefibrillar oligomeric species known as the
globulomer (78,79) and various polymorphs of the fibril
structure (40).
The results presented here, along with experimental and
theoretical evidence accumulated over the last decade,
now provide a fairly consistent picture of the monomeric
ensembles of amyloid-b and the differences between
Ab40 and Ab42. The combination of studies unifies our
understanding that the hydrophobicity of residues 41 and
42 is crucial to the behavioral difference between Ab40
and Ab42 (21,32,33), and that the Ab42 C-terminus folds
in on itself (32,34,35), reducing its flexibility compared to
the Ab40 C-terminus (22,36–39). Our data contradict only
the hypothesis that the Ab42 monomer C-terminal structure
is significantly populated by a b-hairpin involving residues
34–36 and 39–40. Instead, the Ab42 C-terminus forms
primarily hydrophobic contacts, a classic feature of the
disordered or unfolded state (64,65), which indirectly pro-
motes b-hairpin structure in a different area of the sequence
that is compatible with known fibril forming regions of the
Ab sequence.
Finally, the results here emphasize that the disease asso-
ciated amyloid-b peptides, although clearly classified as
IDPs, do not necessarily conform to the standard computa-
tional model assumptions or experimental expectations that
have been so useful in characterization of functional IDPs
(80) or IDPs with simpler helical structure motifs (77). In
particular, successful use of NMR optimization approaches
such as ENSEMBLE required the diverse cooperative sec-
ondary structure populations derived from de novo MD toBiophysical Journal 104(12) 2714–2724
2722 Ball et al.achieve good agreement with the NMR data, rather than the
commonly assumed random coil or statistical ensembles
incorporating secondary structure as the possible conforma-
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